We also tested whether a bacterially expressed GSTever, expression of the full-length DdUnc104 in Dic-PH DdUnc104 could compete with DdUnc104 for binding and tyostelium resulted in very poor yields. Instead, we transport of native vesicles and liposomes ( Figure 1D ). attempted to reconstitute transport using a bacterially GST-PH DdUnc104 (0.24 mg/ml) reduced DdUnc104-mediexpressable "minimotor" that contains a motor domain ated transport of both native vesicle and PtdIns(4,5)P 2 and the minimal region necessary for cargo attachment. liposomes by 60% (p Ͻ 0.02). GST alone at the same However, the Dictyostelium Unc104 motor domain could concentration had little inhibitory effect on plus-endnot be expressed in Escherichia coli due to insolubility. directed movement, and neither GST nor GST-PH DdUnc104 We therefore created a minimotor consisting of the moaffected dynein-based minus-end-directed movements.
tor and FHA domains from C. elegans Unc104, which The finding that GST-PH DdUnc104 specifically competes expresses well in bacteria, and the PH domain from with the native motor suggests that DdUnc104 utilizes DdUnc104 (Figure 2A ). This construct, termed CeU653-its PH domain to transport membrane cargo. PH DdUnc104 , lacks the long stalk region ‫059ف(‬ aa) that exhibits low amino acid sequence similarity among the Unc104 motors from Dictyostelium to mouse. This moThe PH Domain Is Necessary and Sufficient nomeric CeU653-PH DdUnc104 minimotor stimulated robust for Vesicle and Liposome Movement movement of both native Dictyostelium vesicles and In order to further test the role of the PH domain through PtdIns(4,5)P 2 liposomes at similar frequencies to those mutational analysis, we sought to reconstitute membrane transport using a recombinant DdUnc104. Howproduced by the native DdUnc104 motor from the micro- tubule-purified fraction (Table 1) . When membrane tein also contained a fork head homology (FHA) domain next to the motor domain. To ascertain if the FHA domain movements generated by CeU653-PH DdUnc104 were analyzed using kymographs, long run lengths with only played a role in membrane attachment, we created a minimotor construct that lacked the FHA domain occasional pauses were observed ( Figure 2C ). The velocities of transport for CeU653-PH DdUnc104 -mediated ves-(CeU446-PH DdUnc104 ) but contained the minimal motor domain necessary for eliciting maximal movement velocity icles and liposomes were 1.6 m/s and 1.5 m/s, respectively, which is similar to the rates of microtubule (Y. Cui and R.D.V., unpublished observations) followed by the PH DdUnc104 domain. CeU446-PH DdUnc104 transported gliding activity (Pierce et al., 1999) and in vivo vesicle transport (Zhou et al., 2001) produced by the C. elegans Dictyostelium vesicles and liposomes at the same rate and frequency as CeU653-PH DdUnc104 ( Figure 2C and TaUnc104 motor. Importantly, membrane transport by the minimotor required the PH domain, since CeU653 proble 1); movements were extremely processive and very rarely did the membranes release before reaching the tein lacking the PH domain only rarely moved membranous cargo (Table 1) . CeU653-PH DdUnc104 exhibited the microtubule plus end. The above experiments, while strongly arguing that same selectivity for PtdIns(4,5)P 2 liposomes as described for the native motor (data not shown).
the PH domain is involved in membrane transport, do not exclude the possibility that a region in the Unc104 While the above experiments suggest that PH is important for cargo interaction, the CeU653-PH DdUnc104 promotor domain also is needed for cargo attachment. The minimotors and the assay conditions are described in Figure 2 and the Experimental Procedures. The means and standard deviations from 3-5 independent experiments are shown. Therefore, we fused the PH domain to the motor-stalk levels with the KKK1531-3EEE mutant, presumably because of the lack of protein docking sites and its inability domains of the minus-end-directed kinesin motor Ncd, which is involved in mitotic spindle function but not to bind lipids (Table 2 ). Taken together, these results suggest DdUnc104-mediated transport of native vesicles in vesicle transport (Figure 2A ; (Table 2) . When tested on suggesting that protein interactions were somehow imnative vesicles, on the other hand, the KKK1531-3EEE portant for reconstituting normal cargo transport (Table  mutant was still capable of eliciting transport, albeit at 2). Importantly, trypsinization did not affect transport by ‫%05ف‬ of the level of the wild-type PH domain. This either CeU653-PH PLC␦1 or PH DAPPI . This result indicates residual activity, which also argues that the triple lysine that these foreign PH domains mediate transport of namutant is not misfolded, suggested that the mutant PH tive vesicle solely through lipid interactions and that domain might elicit vesicle motility by binding to either trypsin diminishes PH DdUnc104 -mediated transport by elimmembrane proteins or lipids other than PtdIns(4,5)P 2 . To inating proteins that bind specifically to this PH domain. examine this question, we proteolyzed surface-exposed membrane proteins with trypsin. Consistent with previous results for native DdUnc104 (Pollock et al., 1999),
Cooperativity of PtdIns(4,5)P 2 Lipids in Transport
In order to better understand the requirements of trypsinized vesicles showed a ‫%04ف‬ reduction in motility with wild-type PH DdUnc104 , although transport velocity PtdIns(4,5)P 2 for Unc104-mediated membrane transport, we measured how the concentration of PtdIns(4,5)P 2 influwas not significantly changed. In contrast, the motility of trypsinized vesicles was reduced close to background ences the liposome binding and transport by CeU446- PH DdUnc104 . With the motor concentration held constant One potential explanation for the cooperativity is that a cluster of PtdIns(4,5)P 2 with bound Unc104 motors is and the PtdIns(4,5)P 2 concentration varied between 0-10 mol%, the amount of liposome bound CeU446-needed to elicit liposome transport. To investigate this idea, we tested whether agents that might facilitate the PH DdUnc104 increased in a hyperbolic manner that is typical for a simple binding interaction with no apparent cooperclustering of PtdIns(4,5)P 2 affect liposome transport. Previous studies have shown that cholesterol and sphinativity ( Figure 3A , Hill coefficient of 1.5 Ϯ 0.5). In contrast, liposome transport was infrequently or not observed gomyelin enhance the formation of membrane subdomains called "rafts" (Simons and Ikonen, 1997) . Cellular between 0 and 6 mol% PtdIns(4,5)P 2 , and then increased dramatically between 7 and 9 mol% ( Figure 3A) . This cholesterol levels can be relatively high (25-50 mol%) and vary among membranes (Sandhoff et al., 1999). sharp transition with increasing PtdIns(4,5)P 2 concentration indicates that liposome transport, but not motor When cholesterol (40 mol%) and sphingomyelin (20 mol%) were incorporated into liposomes with varying binding, is a highly cooperative phenomenon (Hill coefficient of 20.1 Ϯ 1.0). Once transport was observed, the PtdIns(4,5)P 2 concentrations, the binding of CeU446-PH DdUnc104 to membranes was not altered ( Figure 3A) ; velocity was not substantially affected by increasing PtdIns(4,5)P 2 concentration.
however, a dramatic change in the PtdIns(4,5)P 2 depen-dency of liposome movement was observed. In the presthe motor fails to bind to such liposomes. However, for liposomes composed of 5 mol% PtdIns(4,5)P 2 and 40 ence of cholesterol/sphingomyelin, transport frequencies increased sharply with increasing PtdIns(4,5)P 2 mol% cholesterol/20 mol% sphingomyelin, the minimotor was recovered in the detergent-resistant fraction. concentrations (Hill coefficient of 19.8 Ϯ 8.7), but this transition occurred at a 3 mol% lower PtdIns(4,5)P 2 conThe recovery in this fraction was ‫%05ف‬ of that observed with intact, nondetergent-treated liposomes ( Figure 3A) , centrations compared to cholesterol/sphingomyelinfree liposomes ( Figure 3A) . Reducing the cholesterol indicating that a substantial fraction of Unc104 is bound to PtdIns(4,5)P 2 -associated lipid rafts under these condiconcentration to 20 mol% also enhanced motility substantially at a fixed PtdIns(4,5)P 2 concentration of 5 tions. Although lipid raft subdomains have been reported to mol%, although the effect was reduced by 65% ( Figure  3B) Figure 4B ). Diffusion we exploited the accessibility of GM1 in reconstituted liposomes in the in vitro motility assay. When CeU446-coefficients were determined from the initial slope of mean square displacement plots ( Figure 4C , top left). PH DdUnc104 was combined with liposomes consisting of 5 mol% PtdIns(4,5)P 2 and 10 mol% GM1, the frequency CeUnc446-PH DdUnc104 molecules bound to 5 mol% PtdIns(4,5)P 2 bilayers exhibited an average diffusion coof movement was unaltered compared with liposomes lacking GM1 ( Figure 3B port, as at least one motor would be contacting and which, unlike mouse KIF1A and C. elegans Unc104, is a constitutive dimer due to a coiled-coil extension at producing movement along the microtubule during times when other motors are detached. An alternative its C terminus. Liposome movement by dimeric native DdUnc104 did not display a cooperative transition, and possibility is that high local concentrations of Unc104 in a lipid raft facilitates motor dimerization (Figure 5) , cholesterol/sphingomyelin addition had little effect on movement ( Figure 3C ). Collectively, these results sugproducing a processive Unc104 dimer that moves in a hand-over-hand manner as described for conventional gest that motor dimerization via coiled-coil formation may be facilitated when motor proteins become cluskinesin (Vale and Milligan, 2000) . The latter idea is suggested by the finding of a predicted coiled-coil adjacent tered in lipid raft domains. to the motor domain in the same location as the neck coiled-coil of conventional kinesin (Vale and Fletterick, Discussion 1997). We therefore created two hydrophobic to charge mutations in the "a" (I362E) and "d" (L365K) positions
In this study, we have dissected the mechanism of membrane transport by Unc104 kinesin, an important vesicle of the first complete heptad of the predicted coiled-coil following the motor domain to inhibit or partially inhibit transport motor that is conserved from unicellular organisms to man. In contrast to other reported in vitro vesicle with motor dimerization and/or the mechanism of the motor dimer. Unlike wild-type CeU653-PH DdUnc104 In this study, we have shown that the native motor can be substituted by bacterially-expressed minimotors sphingolipid allowed movement with a steep dependence on PtdIns(4,5)P 2 but at much higher concentracontaining a functional motor domain and a minimal membrane cargo binding region, which has enabled a tions than observed with the nonmutated motor ( Figure  3C ). The transport velocity for the mutant was somewhat structure-function dissection of membrane attachment through mutational analysis. We have also demonlower (1.1 Ϯ 0.3 m/s) than wild-type (1.6 Ϯ 0.1 m/s). We also investigated the behavior of native DdUnc104, strated that highly efficient transport can be achieved for regulating the various kinesin motors belonging to to be processive using single-molecule fluorescence the largely monomeric KIF1 class. However, the slime assays (Okada and Hirokawa, 1999, 2000) . In such a mold Dictyostelium has added an extended coiled-coil case, a single motor should suffice for vesicle transport domain to the C terminus of its Unc104, which suggests (Howard et al., 1989) , and the type of cooperative transthat it has evolved an alternative regulatory mechanism. port that we observed would not be expected. We therefore believe that a single monomeric Unc104 from meta- 
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